Abstract Moko disease caused by Ralstonia solanacearum (R. solanacearum) is a major disease affecting banana (Musa spp.) production.
that afflicts economically important crops and ornamentals (Denny 2006; Agrios 2005) . This aerobic, Gramnegative organism, formerly known as Pseudomonas solanacearum is commonly encountered in tropical and subtropical areas. Its immense phenotypic and genotypic diversity contributes to its status a major plant pathogen (Agrios 2005; Fegan and Prior 2005) . R. solanacearum infects more than 200 plant species in 50 botanical families; among its hosts are tobacco (Nicotiana tabacum), tomato (Solanum lycopersicum), potato (Solanum tuberosum) and banana (Musa spp.) (Álvarez et al. 2010; Hayward and Hartmann1994) . Bacterial wilts of banana, known commonly as Moko, Bugtok and blood disease, are incited by distinct subgroups of the R. solanacearum species complex and pose a major threat to dessert and cooking banana production (Fegan and Prior 2006) .
After its first outbreak in Trinidad in the late 1890s, Moko disease, caused by R. solanacearum race 2, became endemic in several regions of Central and South America. It was first detected in Asia in the Mindanao region of the Philippines (Eyres et al. 2001) . In Malaysia, the suspected outbreak of Moko disease was primary recognized in Muar, Johor in 2007 (Mokhtaruddin and William 2011) . Earlier findings revealed that tropical and subtropical condition with temperate climate like Malaysia was even more conducive for the growth of R. solanacearum and development of disease in the infected region (Denny 2006; Hayward and Hartmann 1994) . This vital situation on the epidemic of Moko disease has further diminished little enthusiasm of farmers on banana industry since the disease is amongst the most serious fruit diseases in the country where it widespread rapidly, retards banana plant growth, causes critical yield losses and can rigorously impact the banana growth sector (Mokhtarud-din and William 2011; Tengku Abdul Malik et al. 2011; bin Nik Hassan 2003) . Recently, Moko-causing bacterial strains collected in 2011 to 2012 from severely affected banana plantations in Peninsular Malaysia were identified as biovar 1 of R. solanacearum. These strains were later identified as R. solanacearum race 2 biovar 1 (R2Bv1) of phylotype II using race-, phylotypeand Musa-specific PCR amplification (Zulperi and Sijam 2014; Zulperi et al. 2014a, b) . Fegan and Prior (2005) proposed a new hierarchical classification scheme of phylotypes based on the intergenic transcribed sequence (ITS) of ribosomal RNA genes 16S and 23S and of sequevars (sequence variant) based on the endoglucanase (egl) gene sequence. Phylotype is defined as a monophyletic cluster of distinct strains based on the phylogenetic analysis of DNA sequence variations. Using this new scheme, strains that are broadly originated from the same geographic location are subdivided into four phylotype namely phylotype I (originated from Asia), II (originated from the Americas), III (originated from Africa) and IV (mainly from Indonesia). The robustness of the phylotypes strongly suggests that they reflect true evolutionary lineages within the R. solanacearum species complex. Therefore, combination of both phylogenetic analyses and phylotyping classification should make a stable and meaningful taxonomy that could define subspecific groups of R. solanacearum geographic origins (Villa et al. 2005) .
The PCR amplification with primers specific to the repetitive genetic elements of REP (Repetitive Extragenic Palindromic), ERIC (Enterobacterial Repetitive Intergenic Consensus) and BOX (Box A, B and C subunits), collectively known as repetitive sequence-based polymerase chain reaction (rep-PCR) has been used for genomic fingerprinting of Gramnegative bacteria (Pasanen et al. 2014; Louws et al. 1994 Louws et al. , 1999 . These repetitive elements, which are located in the intergenic regions of many bacterial genomes considered to be highly conserved, thus they are useful for elucidating relationships within and between bacterial species, since the yield of genomic fingerprints are specific to pathovars and strains level (Arshiya et al. 2014; Horita and Tsuchiya 2001; Thwaites et al. 1999) . As for R. solanacearum, rep-PCR was previously used in order to assess variations among several pathovars and strains (Nouri et al. 2009; Thwaites et al. 1999) . Moreover, clonal lines within sequevars of R. solanacearum could be further determined using this fingerprinting method (Wicker et al. 2011; Lemessa et al. 2010; Norman et al. 2009) .
A collection of various molecular genomic approaches has been applied to study the diversity among R. solanacearum strains in Malaysia. Previously, a study on the diversity of R. solanacearum strains isolated from tomato plants in Selangor (Peninsular Malaysia) and Sarawak (Borneo Island, Malaysia) via Random Amplified Polymorphism DNA (RAPD) method and ERIC-PCR revealed that there was a significant correlation within strains in same region with no distinct group was found for each provinces (Sahilah et al. 2005) . Interestingly, Khakvar et al. (2008 Khakvar et al. ( , 2011 have also confirmed that R. solanacearum strains in Peninsular Malaysia were diverse, and showed significant regional similarity among them by Pulse Field Gel Electrophoresis (PFGE) and BOX-PCR analysis. These methods gave highly unique results that discriminated R. solanacearum strains according to their pathogenicity, geographical origin and biovar characteristics. However, no recent published findings have been done so far on genetic variation of R. solanacearum of Mokocausing strains on banana plantains in Malaysia.
In our study, we aimed to characterize and demonstrate genetic relationships of 30 strains of R. solanacearum associated with Moko disease in Peninsular Malaysia using systematic phylogenetic analyses based on the phylotyping and sequevar schemes, and to assess the genetic variation among these strains with rep-PCR genomic fingerprinting. Table 1 ). Discolored vascular tissues and internal fruits of diseased banana were excised, rinsed with sterilized distilled water containing 1 % Chlorox™ and cultured on Kelman's tetrazolium salt (Kelman's TZC) agar medium for 24 to 48 h at 29°C. Isolated colonies were subcultured until pure virulent strains of suspected R. solanacearum (fluidal aspect and white to pink coloration) were obtained. All strains were plated on Kelman's tetrazolium salt (Kelman's TZC) agar (Kelman 1954 ) for 24 to 48 h at 29°C. Isolated colonies were subcultured until pure virulent strains of suspected R. solanacearum (fluidal aspect and white to pink coloration) were obtained. For soil samples, 10 g of each samples were dissolved in 10 ml of sterilized distilled water, serially diluted, plated on semi-selective agar medium South Africa (SMSA) and incubated for 24 to 48 h at 29°C. All pure bacterial cultures were multiplied on casamino acid-peptone-glucose (CPG) broth and stored at −70°C in 20 % (v/v) glycerol for later use.
Materials and methods

Bacterial strains and culture conditions
Phenotypic characterization and pathogenicity assay Biochemical tests were performed according to standard procedures (Schaad et al. 2001 ) for identification and confirmation of R. solanacearum strains, including Gram-staining, potassium hydroxide (KOH), Kovacs oxidase, catalase and lipase activity on Tween 80 solution tests. Grouping of the strains into biovar was done based on methods described by Hayward (1964) and Schaad et al. (2001) .
For pathogenicity assay, all R. solanacearum strains were cultured on CPG agar, incubated at 29°C for 48 h, and harvested with sterile distilled water by using a sterile glass rod. One ml of each 10 8 CFU/ml (McFarland Standard, BioMérieux, Marcyl'Etoile, France) bacterial suspension culture was inoculated into a 2-month-old banana (Musa paradisiaca cv. Nipah) explant by wounding the leaf axil with a sterile needle, and then pouring 30 μl of bacterial suspension over the wounded tissue (Winstead and Kelman 1952) . Control plants were treated with sterile distilled water. All strains were assessed on three replicates and evaluated weekly for symptom expression up to 8 weeks post inoculation. Severity of wilting was recorded at weekly intervals on the following scale: 1, asymptomatic; 2, distortion or browning of inoculated leaves; 3, one or two leaves wilted; 4, wilting of one half the total number of leaves; and 5, complete wilting (French and Sequeira 1969) . When typical symptoms were observed, the bacteria were re-isolated on Kelman's TZC agar medium to confirm the presence of the bacterium (Koch's postulates) via colony morphology and PCR.
Bacterial DNA extraction Each strain of R. solanacearum was grown on Kelman's broth for 16 to 18 h at 37°C. Total genomic DNA was then extracted from all strains using a commercial genomic DNA purification kit (Wizard® DNA Genomic Purification System, Promega, USA).
Phylotype-specific multiplex PCR amplification of Moko-related Ralstonia solanacearum strains Phylotype characterizations of all 30 R. solanacearum strains were determined as described by Fegan (2006) . Phylotype-specific multiplex PCR (Pmx-PCR) was carried out in a 25 μl final volume of reaction mixture containing 2.5 μl of Nmult:21:1 F, Nmult:21:2 F, For sequevar determination, PCR amplification of a 750 bp region of the egl gene was performed using primers pair; Endo-F (5′-ATGCATGCCGCTGGTCGCCGC-3′) and Endo-R (5′-GCGTTGCCCGGCACGAACACC-3′) (Fegan and Prior 2005) . PCR amplification was carried out in a 25 μl reaction volumes containing 1 ng to 1 μg of total genomic DNA template, 12.5 μl of 2X DreamTaq Green PCR Master Mix (Thermo Scientific Inc., USA), 8.5 μl of sterile distilled water and 25 mM of each primers (First Base Laboratories, Malaysia). PCR was then performed based on the following protocol: 96°C for 3 min; 30 cycles of 95°C for 30 s, 69°C for 45 s, and 72°C for 2 min; and a final extension of 72°C for 10 min.
DNA sequencing and sequence alignment
All purified PCR products were sent for sequencing (First Base Laboratories, Malaysia). Sequencing was performed with a DNA analyzer (ABI PRISM® 377, Perkin Elmer, USA). DNA sequences were compared to other known sequences from GenBank database using nBLAST (Nucleotide Basic Local Alignment Search Tool) searches of National Institute of Biotechnology Information (Altschul et al. 1990 ; http://blast.st-va.ncbi. nlm.nih.gov/Blast.cgi). All sequences were then analyzed using ClustalW multiple alignment program (Larkin et al. 2007 ; http://www.ebi.ac.uk/Tools/msa/clustalw2/), Multiple Alignment of Fast Fourier Transform (MAFFT) version 7 (Katoh et al. 2002 ; http://mafft. cbrc.jp/alignment/server/) and SeaView version 4 (Gouy et al. 2010) , followed by manual adjustments.
Phylogenetic analyses
The Bayesian analysis was conducted with MrBayes version 3.2.0 (Bayesian Inference of phylogeny) (Ronquist and Huelsenbeck 2003) . The settings were adjusted to resemble a mixed model and were set to run for 1 000 000 generations, being sampled at every 100 generation. The posterior probability (PP) in the distribution of the trees was calculated using the Metropolis-coupled Markov chain Monte Carlo (MCMC) algorithm.
Variations in the Bayesian scores were examined graphically with Tracer version 1.5 (Drummond and Rambaut 2007 ; http://tree.bio.ed.ac.uk/software/ tracer/). After discarding of the trees generated prior to the stabilization of Bayesian scores (burn-in 25 %), the consensus phylogeny and PP of the nodes were determined. A phylogenetic tree was viewed using FigTree version 1.4 (http://tree.bio.ed.ac.uk/software/ figtree/).
Rep-PCR amplification of Moko-related Ralstonia solanacearum strains Amplification using the REP, ERIC and BOX primer sets was performed in 25 μl reactions with cycling conditions as follows: 5 min denaturation at 94°C followed by 30 cycles of 94°C for 1 min, annealing at 52, 44 or 53°C for 1 min for ERIC, REP and BOX primer sets, respectively, and 8 min extension at 65°C, with a final extension of 15 min at 65°C (Thwaites et al. 1999; Louws et al. 1994; de Bruijn 1992) . In order to separate the amplified DNA, agarose gel electrophoresis was performed using 2 % agarose gel at 70 V for 45 min. All PCR amplifications carried out in this study were performed using 'iCycler' Thermal Cycler (Bio-Rad Laboratories Inc., USA), with three replications to confirm the consistency of amplification. Meanwhile, all primers were synthesized by First Base Laboratories (Malaysia).
Data analysis and dendrogram construction
rep-PCR fingerprint profiles were used to measure genetic similarity among strains. The digital image of each gel was analyzed. The DNA banding patterns for each strains of REP, ERIC and BOX PCR amplification were compared visually using the gel pair software (UVIdoc, Uvitec, Cambridge, UK). The image of the gel acquired in JPEG format was imported into UVIdoc for band scoring. The band sizes were estimated based on DNA ladder (Fermentas, Germany). The presence and absence of bands were scored in a binary model of 1 and 0, respectively. Band scoring was carried out only on those bands that were clear and reproducible as well as >50 bp. The presence and absence of a particular band of certain size for each strain were scored as 1 (plus) or 0 (minus), respectively. A pairwise comparison between strains was generated by the numerical taxonomy system (NTSYS version 2.2, Exeter Biological Software). Similarity qualification (SIMQUAL) was calculated using Jaccard's coefficient whereas cluster analysis was performed using the Unweighted Pair Group Method with Arithmetic Averages (UPGMA).
Results
Disease symptoms and colony morphology
Based on morphological identification, R. solanacearumlike colonies were discovered on 197 strains obtained from the samples by producing fluidal colonies that were white to pink coloration after overnight incubation on Kelman's-TZC agar (Kelman 1954) .
Phenotypic characterization and pathogenicity assay All strains were determined to be Gram-negative and were positive for oxidase, catalase and KOH and hydrolyzed Tween 80 medium that are the possible features of R. solanacearum. However, biovar test revealed only 30 strains embraced the biovar 1 characteristic of R. solanacearum biovar 1, which is associated with Moko disease in banana plants. All 30 strains were unable to oxidize the disaccharides; maltose, lactose and cellobiose and failed to oxidize hexose sugar alcohols; mannitol, sorbitol and dulcitol, even after 28 days of inoculation. The rest of the strains were eliminated since they fall into other biovar groups other than biovar 1. Each of the strains was given a new strain designation for easier documentation throughout this study (Table 2) .
In a pathogenicity assay, all Musa paradisiaca cv. Nipah explants expressed extensive wilting within 4 weeks after inoculation, whereas control plants remained asymptomatic (Fig. 3, Table 3 ). All strain cultures were re-isolated; morphological and biochemical characteristics were consistent with those of the inoculated strains.
Phylotype-specific multiplex PCR amplification of Moko-related Ralstonia solanacearum strains All R. solanacearum of Moko-causing strains produced 370 bp and~280 bp amplicons, indicating that they belonged to phylotype II of R. solanacearum (Fig. 4) , a group that originated from the Americas (Nouri et al. 2009; Fegan 2006; Fegan and Prior 2005) . Meanwhile, no PCR amplicon was produced from the control without template.
Endoglucanase (egl) gene amplification of Moko-related Ralstonia solanacearum strains PCR amplification with primers Endo-F and Endo-R of all R. solanacearum phylotype II strains produced ã 750 bp amplicon each. No amplicon was obtained in the control without template, signifying that there was no contamination during the PCR amplification. All egl sequences from R. solanacearum strains used in this study were later aligned and deposited into the GenBank (accession nos. KF933438 to KF933451, and KJ000238 to KJ000252; Table 3 ). The phylogenetic analyses of egl sequence confirmed the results obtained from the Pmx-PCR. Based on the phylogenetic tree, all 30 strains of R. solanacearum characterized in our study were clustered into phylotype II of sequevar 4 (Fig. 5 ). These Malaysian strains were grouped with 100 % posterior probability support to the reference strains; UW129, UW162 and UW163 which were previously isolated from Moko-diseased bananas (Musa spp.) in Peru and a UW070 strain isolated from banana (Musa spp.) in Colombia (Wicker et al. 2007; Villa et al. 2005; Poussier et al. 2000) . None of the Malaysian R. solanacearum strains were placed in phylotype II/sequevars 3 or 6 clusters, which were also responsible for causing Moko disease in banana plantain (Wicker et al. 2009 ). However, the sequevar 24 also causes Moko disease (Fegan and Prior 2006) and others sequevars were reported by Albuquerque et al. (2014) causing Moko in Brazil. The list of origin and characterization of all 30 strains of Malaysian R. solanacearum phylotype II/sequevar 4 and the reference strains based on their phylotype classification and sequevar group were represented in Table 3 .
Rep-PCR amplification of Moko-related Ralstonia solanacearum strains
The dendrogram of combined data of REP-, ERIC-and BOX PCR amplifications or pooled rep-PCR data revealed that all 30 strains were divided into two major clusters (cluster 1 and cluster 2) of three subgroups (A, B and C), with average similarity coefficient within these two clusters was 35 %. The subgroups in cluster 1 were represented by strains from Kedah, Selangor, Negeri Sembilan and Johor, while the cluster 2 subgroup was represented exclusively by strains of Pahang.
Similarity between strains of subgroup A and B were 62 % and 77 % respectively, and amongst strains of Pahang (subgroup C) was 89 % (Fig. 6 ).
Discussion
In this study, we have reported results that provide the first evidence on the introduction of R. solanacearum phylotype II/sequevar 4 (II/4) in Peninsular Malaysia, the strain associated with Moko disease of banana (Musa spp.). Twelve banana plantations areas in Peninsular Malaysia were surveyed, all with massive destruction on the plantains with possibilities of Moko disease outbreak.
Biochemical tests on 197 strains isolated during identification process showed they produced R. solanacearumlike colonies and were of Gram-negative, positive for oxidase, catalase and KOH solubility as well as hydrolyzing Tween 80 medium for lipase activity. These are all possible major features of R. solanacearum (Schaad et al. 2001 ). All strains were later subjected to biovar determination test, which resulted in only 30 strains displaying characteristic of biovar 1 group, the main causal bacterium of Moko disease in banana (Fegan and Prior 2006; Aley and Elphinstone; 1995; Hayward 1964) .
To confirm the pathogenicity of these 30 isolated strains, Koch's postulate on banana explants cultivar (Musa paradisiaca cv. Nipah) was completed (Fig. 3) . All strains were pathogenic to banana explants with characteristics symptoms of the disease, such as wilting at 12 to 18 days after inoculation and at 54 days after a b Fegan and Prior (2006) inoculation, all explants appeared dead or complete wilting. These strains displayed diverse pathogenic level and were characterized by three different virulence degrees or pathotypes: highly virulent, moderately virulent, and weakly virulent (Table 2) . Based on the results, the pathotypes coexisted in a system in the banana fields and plantations, where their distribution closely related to the severity of banana infected with Moko disease. To date, a classification scheme based on phylotypes and sequevars is presently accepted by the scientific community as best reflecting the genetic diversity of Ralstonia solanacearum species complex (RSSC) (Albuquerque et al. 2014; Fegan and Prior 2005) . In this study, we performed a Pmx-PCR, which successfully showed that all the 30 strains of R. solanacearum isolated belonged to phylotype II displaying a 372 bp amplicon. Phylogenetic analyses on the egl gene sequences between these strains and the reference strains allowed the generation of a tree that clearly showed four separate phylogenetic clusters comprising phylotype I, II, III and IV (Fig. 5) . These 30 strains were grouped into phylotype II of sequevar 4 cluster, which strongly corroborated the earlier Pmx-PCR result. All strains were of 100 % Bayesian posterior probability support to the selected reference strains from Peru (UW129, UW162 and UW163) and Colombia (UW070), all isolated from Moko-disease infected bananas in South America. None of the strains used in our study belonged to phylotype I, III and IV. These results were in agreement with previous findings on genetic relationships of Moko disease-related strains worldwide that recognizing them into phylotype II (Cellier et al. 2012; Fegan and Prior 2006; Villa et al. 2005) . On the other hand, all 30 R. solanacearum strains were still in close relationships with other Moko-causing reference strains of phylotype II/3 (CFBP1409, MOLK2, R633, UW167 and UW9) and phylotype II/6 (A3909, GM18044 and ICMP9600), with 100 % posterior probability supports on both clusters. These findings were also in agreement with earlier findings on Moko disease-related strains that phylogenetically recognizing them within phylotype II (American origin) of four distinct sequevars; II-4, II-3, II-6 and II-24 (Cellier et al. 2012; Wicker et al. 2007; Fegan and Prior 2006) , and 3 recently assigned sequevars; II-25, II-41 and II-53 (Albuquerque et al. 2014) . Our study proved that the phylotyping scheme, which is based on the genetic variation that accumulates relatively slowly in the genome of organisms at the level of phylotypes and sequevar, would indeed affording a long-term global epidemiological perspective (Fonseca et al. 2013; Fegan and Prior 2006; Villa et al. 2005; Poussier et al. 2000) . Phylogenetic analysis on the egl gene sequence also provides a finer-scale identification of R. solanacearum strains, with sequence data being compiled rapidly around the world (Horita et al. 2010; Castillo and Greenberg 2007; Ji et al. 2007) . A data matrix was generated for the phylogeny tree by scoring the present (1) or absence (0) of band for each isolates. Similarity matrix was derived with the NTSYS version 2.1 using Jaccard's coefficient of similarity. The minimum similarity coefficient was highlighted in bold pink color, and was used to define distinct groups among strains. Dendrogram was reproduced by UPGMA Since R. solanacearum II/4 strain was originated from South America (Fegan and Prior 2006) , we reasonably hypothesized the introduction of this strain type in Malaysia could be justified by the transport of Mokoinfected seeds, throughout this region to Asian countries. According to Engering et al. (2013) , pathogens could be introduced into new geographic areas and landscapes via geographic jumps that are mediated by international travel and trade, and traffic that increases the level of connectivity between distinct landscapes, hosts, vector and pathogen communities. Once the geographic jumps were successful, they will lead to rapid and widespread dissemination and major epidemics in new areas. Numerous findings had related that the rapid distribution of R. solanacearum to many regions around the world was mainly due to the intercontinental transportation via infected seeds or tubers (Santana et al. 2012; Rodrigues et al. 2011; Horita et al. 2010) .
As previously described by Castillo and Greenberg (2007) , R. solanacearum is an essentially clonal organism since its genome contains regions of close similarly interspersed with divergent regions (mosaic structure). Therefore, we came out with a hypothesis that R. solanacearum II/4 strains in Malaysia are clonal, so they are less diverse. A phylogenetic tree generated with pooled rep-PCR data sets divided all 30 strains into two major clusters, with three subgroups; A, B and C. The average similarity coefficient within these two clusters was 35 %. Subgroup A consisted of strains from Kedah, Selangor and Johor, while subgroup B comprised of strains from two neighboring states, Selangor and Negeri Sembilan. Meanwhile, subgroup C consisted of strains only from Pahang. These results disclosed low genetic variability or diversity among strains of R. solanacearum II/4 isolated from different regions of Peninsular Malaysia, and was apparently clonal. In fact, this is the first time that genetic diversity of Moko disease-related strains has been characterized in this country.
The present studies add into evidence that banana plantains with Moko disease surveyed in Peninsular Malaysia were infected by R. solanacearum strains belonging to phylotype II of sequevar 4, despite the low level of genetic diversity among these strains based on the rep-PCR analysis. We also reported that this corresponding R. solanacearum II/4, a strain which was previously not known to exist in Malaysia, has been introduced to this country. These studies brought new insights concerning the diversity, distribution and potential impact of R. solanacearum II/4 on banana and its production in Malaysia. Generating distribution and diversity maps will provide valuable information that can be used to design disease control strategies in order to limit the introduction of R. solanacearum II/4 strain into new regions or hosts plants. By profiling the taxonomic diversity among these R. solanacearum II/4 strains, we have provided important information to plant breeders seeking to incorporate durable tolerance or resistance into commercial cultivars. As for future prospects, our results offer multiple advance researches to be carried out such as: (i) to identify key genetic loci in the pathogenesis of Malaysian R. solanacearum II/4 strains and to create a foundation for development of a clear understanding mechanism of their host specificity, (ii) evolutionary and population biology studies of Malaysian R. solanacearum II/4 strains, (iii) bioefficacy, phytotoxicity and antagonistic activity to develop ecofriendly and sustainable alternative strategies for management of banana fruit growth and Moko disease, (iv) quantitative phenotyping of Malaysian R. solanacearum II/4 strains by using real-time PCR, (v) comprehensive pathogenicity studies on non-host plants that have recently been recognized to become susceptible to Moko disease, such as tomato and potato, and (vi) to investigate factors contribute to disease outbreaks, e.g., soil, insect vectors, water irrigation, weed host and other environmental factors for effective control of Moko disease in Malaysia.
